We probe the energy landscape governing the passage of α-synuclein, a natural "diblock copolymer"-like polypeptide, through a nanoscale pore. α-Synuclein is an intrinsically disordered neuronal protein associated with Parkinson's pathology. The motion of this electrically heterogeneous polymer in the β-barrel voltage-dependent anion channel (VDAC) of the mitochondrial outer membrane strongly depends on the properties of both the charged and uncharged regions of the α-synuclein polymer. We model this motion in two ways. First, a simple Markov model accounts for the transitions of the channel between the states of different occupancy by α-synuclein. Second, the detailed energy landscape of this motion can be accounted for using a drift-diffusion framework that incorporates the α-synuclein binding energy and the free energy cost of its confinement in the VDAC pore. The models directly predict the probability of α-synuclein translocation across the mitochondrial outer membrane, with immediate implications for the physiological role of α-synuclein in regulation of mitochondrial bioenergetics. Time-resolved measurements of the electrical properties of VDAC occupied by α-synuclein reveal distinct effects of the motion of the junction separating the differently charged regions of the polymer.
Introduction
The motion of biological macromolecules in nanometer-scale pores perforating thin membranes has received considerable recent attention, particularly in the context of DNA sequencing technologies. [1] [2] [3] In most of these studies, a relatively large transmembrane potential drives uniformly anionic double-or single-stranded DNA molecules through artificial or biological pores which are in many cases engineered to enhance selectivity to individual DNA bases. [4] [5] [6] The DNA molecules are detected and characterized based on their modulation of the pore conductance as they pass, or "translocate", through the pore. The dynamics of the DNA-nanopore interaction have generally been studied in the context of either the capture [7] [8] [9] or translocation [10] [11] [12] [13] [14] processes in isolation. The free energy of the capture, or "insertion", process has proven particularly difficult to determine using conventional techniques with uniformly charged polymers, 9, 15 primarily because the reverse process, "retraction" of the polymer, is observed only at very low transmembrane potentials 16, 17 or when using an independent counteracting force. 18, 19 In this work, we use a naturally occurring polypeptide with a "diblock copolymer"-like architecture, the intrinsically disordered neuronal protein α-synuclein, to map the free energy landscape of the capture and escape processes involving VDAC, a β-barrel passive transport channel of the mitochondrial outer membrane. 20, 21 α-Synuclein, believed to be involved in Parkinson disease etiology, 22, 23 is 140 amino acids long (56 nm, based on a 0.4 nm contour length per amino acid 24 ), with a 45-residue C-terminal tail (CTT) carrying 15 negative charges on the last 37 amino acids (∼1e − nm
) and the nearly net neutral (∼−0.08e − nm −1 ) 95 N-terminal residues forming a region that can adopt an α-helical structure on membranes containing anionic lipids. 25, 26 The two distinct regions of differing linear charge densities ( Fig. 1a) , as well as the well-known membrane-binding properties of the uncharged N-terminal region, allow us to determine important elements of the free energy landscape governing the polymer-pore interaction. In particular, we evaluate the binding energy of this neurological disease-related protein to lipid membranes, as well as the free energy required to capture a molecule into an unoccupied open pore or into a pore already containing an α-synuclein molecule.
The interaction of α-synuclein with VDAC is revealed experimentally as a series of transient reductions in the ionic current through a single VDAC channel reconstituted into a planar diphytanoylphosphatidylcholine bilayer lipid membrane. 27 These transient events, or "blockages," were previously observed to have two notable features. First, the reduction of the pore conductance in the presence of α-synuclein was shown to take on multiple values, particularly at relatively high (50 nM, M = mol l −1 ) α-synuclein concentrations. Because this behavior was less frequent at low (1 nM) α-synuclein concentrations, it was supposed to arise from the simultaneous interaction of multiple α-synuclein molecules with VDAC. Second, the dwell time of α-synuclein in the VDAC channel exhibits a biphasic dependence on transmembrane potential. This observation was thought to indicate the onset of α-synuclein translocation through VDAC at potentials >40 mV. 27 In the following, we model the data from single VDAC channel recordings considering three distinct processes synuclein-open state, first blocked state, and second blocked states-are denoted "0", "1", and "2", respectively. The time record is divided by the transitions between states, shown as vertical dotted lines. Transitions are identified by a threshold crossing algorithm; thresholds are shown as horizontal dotted lines. The duration of each state is denoted as t isf , where i is the state preceding the transition, s is the state itself, and f is the state following the subsequent transition. (c) Markov model of α-synuclein dynamics. Left-toright arrows denote insertion processes; straight right-to-left arrows retraction processes; and curved right-to-left arrows translocation processes. The insertion-retraction is depicted in the top insets, while the translocation is depicted in the bottom insets. (d, e) Experimentally determined probabilities of each of the three Markov states (d) and average times spent in each state (e) as functions of the applied transmembrane potential. In these experiments, α-synuclein was present on both sides of the membrane, and voltage polarities are defined as described in the Methods. Solid lines represent fits to the Markov model introduced in the text; error bars represent one standard deviation from the mean, as determined by bootstrap analysis.
involved the α-synuclein-VDAC interaction: insertion of the α-synuclein CTT into the VDAC pore, followed by either retraction of the CTT from the pore or translocation of the entire α-synuclein molecule through the pore. We find that a simple Markov model accounts for the transitions of a single VDAC channel between the states of different occupancy by α-synuclein molecules, while the retraction and translocation dynamics for a single molecule can be understood in the context of a one-dimensional drift-diffusion model. The latter requires only a few free parameters that encapsulate the physics of the drift-diffusion process. It yields the probability of translocation vs. retraction as a function of transmembrane potential, with implications for understanding the physiological role of α-synuclein in regulation of mitochondrial bioenergetics. Finally, both the Markov and drift-diffusion models are supported by measurements of the selectivity of the channel when it is transiently occupied by differently charged regions of the α-synuclein molecule.
Results and discussion
In order to characterize the experimentally observed blockage events in a systematic manner, we employ the categorization scheme shown in Fig. 1b . Each state is numbered according to the deviation of its conductance from the open pore conductance interpreted as states of different occupancy by α-synuclein, from zero to double occupancy; thus, the open state is "0", the first blocked state is "1", and the second blocked state is "2". Events are detected using a threshold crossing algorithm and are categorized by the initial state i, the intermediate state s, and the final state f. The lifetimes of each event type are denoted t isf . The fractional occupancy of each state s is denoted P s (Fig. 1d) . These probabilities, and average times in Fig. 1e , are shown for α-synuclein at 50 nM. Notably, the lifetimes of states 1 and 2 demonstrate the same biphasic behavior but are quantitatively different. By contrast, the lifetime of state 1 seems not to depend on the identity of the initial and final states, i.e. 〈t 010 〉 = 〈t 012 〉 = 〈t 210 〉, where the brackets denote average values. These equalities, which point to time reversibility and a lack of system memory, suggest that the α-synuclein/VDAC interaction can be treated as a three state Markov process 28 for this range of transmembrane potentials.
Markov state model
Here we construct a simple Markov model that incorporates the ideas that α-synuclein can translocate through the VDAC channel, and that multiple blocked states arise from the simultaneous interaction of multiple molecules with the channel. A schematic of this model is shown in Fig. 1c . The insertion and retraction rates are denoted by k sf , where s and f have the same meaning as before. The translocation rate is denoted by k 1t for transitions from state 1 to state 0; to allow for the possibility that the presence of a second molecule affects the translocation rate, the translocation transition from state 2 to state 1 is denoted k 2t . Each rate is a function of voltage. This model also assumes that if two molecules are interacting with the pore (i.e. the system is in state 2) and one of them translocates or retracts, the system is now in state 1, regardless of which molecule left the pore. The governing equation for the state of the system is dp dt þ
where p(t ) = [p 0 (t ),p 1 (t ),p 2 (t )] is the probability vector governing the probabilities that the system is in state 0, 1, or 2, respectively, subject to the constraint that P 
The voltage dependence of these rates can be approximated using transition rate theory. 29 The presence of an energy barrier is plausible for all six rates: for the 0 → 1 and 1 → 2 transitions, there is an entropic cost to confine the peptide strand in the channel; for the 1 → 0 and 2 → 1 transitions at nonzero voltages, there is an electrostatic penalty to remove the strand from the channel; and for translocation, there is an energy penalty to unbind the α-synuclein molecule from the membrane. We therefore expect all of the rates to exhibit an exponential relationship with voltage of the form
, where k 0 sf is the zero-voltage rate, n is the effective number of charges that determines the change in transition state energy with absolute transmembrane potential |V|, e is the elementary charge, T is absolute temperature, and k B is the Boltzmann constant. The result of optimizing this model to the experimental data is shown as the solid lines in Fig. 1d and e and the model parameter values are given in Table 1 . Several quantities of interest can be immediately derived, including the energy ΔG
10 ≈ 13k B T required to insert the α-synuclein CTT into the channel. This energy includes steric, electrostatic, and entropic effects that influence CTT insertion. The partition coefficient between translocation and retraction also yields the difference in the energy barriers governing each of these processes, ΔΔG
10 ≈ 15k B T. This energy can be interpreted as the energy required to unbind the α-synuclein molecule from the membrane, which is needed for translocation to occur.
At symmetric α-synuclein addition, the rate parameters for the capture of the first molecule do not depend strongly on voltage polarity and, therefore, on channel orientation in the membrane. In our experiments, positive voltages drive negatively charged CTTs of α-synuclein from the trans-side, and negative voltages drive them from the cis-side, of the VDAC pore (see Methods). At the α-synuclein concentration used in these experiments, both entrances of the channel capture α-synuclein molecules with similar efficiency. The rate parameters for the second molecule are likewise mostly independent of voltage polarity but do appear to be sensitive to the presence of the first molecule. In particular, ΔG ð0Þ 12 is 5k B T larger than ΔG ð0Þ 01 , presumably due to the decreased entropy per molecule when two strands of α-synuclein CTTs are in the pore relative to a single strand.
This model provides compelling evidence that the interaction of α-synuclein with VDAC includes both a voltageactivated transient interaction, wherein the molecule is captured and then released to the same side, and a voltage-dependent translocation process. However, we do not expect a translocation process to be Markovian because it is fundamentally a drift-diffusion process. Indeed, in an experiment where the α-synuclein concentration was low (1 nM), suppressing the effect of multiple interactions, we note that at high voltages the t 010 distributions are narrower than the single-exponential distributions expected for Markovian processes. 27 Similar behavior was observed earlier for α-synuclein passage through another β-barrel channel, α-hemolysin, at relatively high applied potentials. 30 This narrowing implies a departure from equilibrium processes and requires a more complex model for the translocation process.
Drift-diffusion model
It has long been recognized that the escape time of polyelectrolytes from nanopores can be described by a one-dimensional free energy profile 11 if the interaction time between the polyelectrolyte and the pore is significantly longer than the longest thermal relaxation time, or Zimm time. 31 This condition is met for ssDNA in biological nanopores, 12 for short dsDNA strands in a pressure-voltage trap, 18 and for long dsDNA strands subjected to very weak forces. 17 In each case, as well as for capture dynamics, 7,9 a free energy modeling approach successfully described the stochastic dynamics at play. Here we use the term "quasipotential" for such a free energy profile because electrokinetic forces 32, 33 are not strictly conservative.
In order to construct a quasipotential that describes the stochastic motion of a single molecule of α-synuclein in a VDAC channel, we parameterize the state of the α-synuclein molecule by the position x along the contour of the molecule that is located in the center of the VDAC channel. The interval of interest is then the length L of the molecule, which is taken to be 56 nm. 24 Position x = 0 corresponds to the last amino acid of the C terminus being in the center of the VDAC channel, while position x = L means that the first amino acid at the N terminus is in the center when the translocation is almost complete. (The problem is perhaps more easily envisioned by imagining the pore diffusing along the length of α-synuclein. In this case the position x corresponds to the position of the pore along the molecule, the boundary at x = 0 to the completion of the retraction process, and the boundary at x = L to the completion of the translocation process.) The dynamics are then described by a one-dimensional Smoluchowski driftdiffusion equation for the probability distribution P(x,t;x 0 ) that a molecule with initial position x 0 is at position x after time t:
Here D is the diffusion constant along the length of the molecule, which we assume to be position-independent and related to the drag coefficient by the fluctuation-dissipation relation. 17 The absorbing boundary conditions encapsulate the improbability of a molecule spontaneously re-entering the channel after leaving by retraction at x = 0 or translocation at x = L. We have also introduced the quasipotential U(x) that contains all of the available information about the time-averaged forces acting on the molecule in the VDAC channel. The use of this potential requires that the α-synuclein-VDAC complex is in quasi-equilibrium, i.e. at each position x the α-synuclein molecule can sufficiently explore the configuration space available to the unbound parts of the molecule. This condition is satisfied if the Zimm time of the α-synuclein is much shorter than the average escape time 〈t 010 〉 measured in the experiment. Using the measured polypeptide persistence length of 0.3 nm, the Zimm time of α-synuclein is estimated to be ≈16 ns, 31 while the escape times are milliseconds or longer. The condition of quasi-equilibrium also allows us to include an 
where v ≈ 0.59 is the Flory exponent. In order to prevent the potential from an unphysical divergence at the boundaries, the length was padded by 0.5 nm, about one persistence length, at each end. The quasipotential also includes the effect of the electric field on the charged residues of α-synuclein:
Here σ(x) is the position-dependent linear charge density on the α-synuclein molecule, V is the applied voltage, and V 0 is a small voltage offset that occurs due to asymmetries that are not controlled experimentally. We note that α-synuclein has a charged C-terminal tail of length 16 nm, while the remainder of the molecule is weakly charged. 25 The charge density function can therefore be simply written as:
where σ C and σ N are the linear charge densities of the C-terminal tail and weakly charged regions, respectively. Finally, we introduce an energy barrier that represents the energy landscape of removing the α-synuclein molecule from the lipid surface. This energy barrier is parameterized by the height of the barrier E b ; the width of the barrier w b ; and the position of the barrier x b :
The full quasipotential is then
The components of the quasipotential are broken down in Fig. 2a , while the voltage-dependence of the full quasipotential (using the optimized parameters) is shown in Fig. 2b with units of energy of k B T. The escape time distribution, including contributions from both retraction and translocation, is given by the flux of probability from the boundaries:
The quasipotential contains six free parameters:
Note that all of these parameters should be independent of voltage polarity, i.e. which side of the channel the α-synuclein is captured from, except x b , which depends on the geometry of the α-synuclein-VDAC complex and will be affected by the trans-membrane asymmetry of the VDAC channel. Therefore, we divide this parameter into two, one for negative polarities, x b − , and one for positive polarities, x b + .
The complete problem also has one additional free parameter, D, for a total of eight free parameters. The "injection point" x 0 is chosen to be the minimum of U(x) for x > 5 nm and x < 20 nm and is numerically implemented as a normalized Gaussian distribution with width 0.5 nm. Eqn (3) was solved numerically with the backward Euler method using the finite element integration package FiPy. 34 For compatibility with experiment, only the dwell times longer than 50 µs were calculated. The results of optimization of f (t;x 0 ) to the experimentally determined t 010 distributions for α-synuclein at 1 nM are shown in Fig. 2c . While the optimization is represented using the average time 〈t 010 〉, we emphasize that the model was optimized to the t 010 histograms, a representative few of which are shown in the side panels. It is clear that at the higher potentials, the Markov state model (dashed lines) breaks down, and the drift-diffusion model is required to adequately describe the data. The optimized parameters, which yielded a reduced χ 2 of 1.67, are shown in Table 2 .
The charge of the C-terminal tail, Q C , corresponds well to the net 14 negative charges expected from the amino acid sequence of α-synuclein. 25 The net charge of the N-terminal region, Q N , is expected to be slightly positive from the amino acid sequence; the small negative charge predicted by the model may indicate the presence of a small amount of electroosmotic flow due to the native anion selectivity of the VDAC channel, 35 which is preserved in the presence of a neutral polypeptide strand. This hierarchy is reasonable from purely hydrodynamic considerations. By comparison, the effective free diffusion constant of the solubilized α-synuclein random coil is 114 μm 2 s −1 .
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Using this result, we can estimate the time required after capture for the system to find the quasipotential minimum. The speed of the C-terminal tail under the influence of the electric field is the ratio of the force σ C V and the drag coefficient k B T/D. The maximum distance traveled to the potential minimum is the length of the CTT, L C = 16 nm. Thus the equilibration time is τ eq ≈ L C k B T/σ C VD. At 27.5 mV (the smallest potential considered here), this is 37 μs, which is less than the 60 μs minimum dwell time we can detect experimentally. This calculation justifies equating x 0 to the minimum of the quasipotential.
The asymmetry between the escape times observed for positive and negative transmembrane polarities can be tentatively explained by simple geometric considerations. The difference in barrier position x b
− −x b + shows that approximately two more amino acids (≈ 0.8 nm) penetrate the pore when the molecule is captured at negative voltage polarities. This "penetration asymmetry", which is small relative to the membrane thickness, is likely to arise from the known structural 36, 41 and functional [42] [43] [44] asymmetries of the VDAC channel. Regardless of its origin, the penetration asymmetry has a profound effect on the energy barriers and rates for escape by either retraction or translocation, as can be seen by comparing the solid (V > 0) and dashed (V < 0) quasipotentials in Fig. 2b , which differ by several k B T at the potential minimum. The absolute position of the barrier, near the junction between the charged and uncharged regions of the α-synuclein molecule, is of interest for several reasons. First, it explains why in the Markov model the charge n t , associated with translocation, is rather small, only 2-3 charges, so the barrier to translocation changes only slightly with voltage. Second, the height of the barrier to translocation corresponds directly to the free energy ΔΔG ð0Þ 0t ≈ 15k B T derived from the Markov model. These two estimates are in agreement with the reported micromolar-scale dissociation constants of α-synuclein to lipid membranes. 45 Third, the density of ions in, and hence the conductance of, the pore should depend on the charge of the polypeptide strand inside the pore. 46 Thus, if the molecule is trapped near the junction of the charged and uncharged region (the "charge junction" shown in Fig. 1a) , we expect to see noise in state 1 as the position of the charge junction fluctuates across the pore. This increase in noise over the noise of the open state 0 is clearly observed in Fig. 1b .
Effect of polyanionic CTT on VDAC electrical properties
To further explore the effect of the charged polypeptide region on the electrical properties of the VDAC channel, we performed a measurement of the α-synuclein/VDAC interaction under a salt concentration gradient. In this case, the KCl concentration on the cis-side was 0.2 M and 1.0 M on the trans side. As shown in Fig. 3a , under these conditions the current level associated with each of the blocked states splits into two. The new states are denoted states 1-1 and 1-2 for the higher and lower current levels derived from state 1, respectively, and 2-1 and 2-2 for the higher and lower current levels derived from state 2. Fig. 3b shows I-V curves for each of the five levels, from which the ion selectivity associated with each state is determined (see Methods). For each of the blocked states, the higher-current state has similar anionic selectivity to the open channel; the lower-current state is cation selective. The selectivity is essentially reversed, while the conductances (the slopes of the I-V curves) of the higher-and lower-current states are very similar. These results can be understood using the qualitative scheme depicted in Fig. 3c , in which the presence of one anionic α-synuclein tail is sufficient to reverse the selectivity of the channel, while the presence of any number of uncharged polypeptide strands has little effect on the channel selectivity. Presumably due to inter-strand electrostatic repulsion, the state in which two anionic tails are simultaneously in the channel is not observed. Thus, the selectivity data provide crucial support to the drift-diffusion model by confirming its prediction of stochastic motion of the charge junction in the nanopore. The fact that both the first and second blocked states split under salt gradient conditions also validates the idea that multiple α-synuclein molecules can interact simultaneously with VDAC (Fig. 1c) .
Translocation probability
The drift-diffusion model allows direct calculation of the probability of translocation p trans (as opposed to retraction) of an α-synuclein molecule captured by the VDAC channel. This is accomplished by numerical evaluation of the expression for the probability of escape at x = L,
Uðx′Þ=kBT dx′. This probability, shown in Fig. 4 , is strongly dependent on transmembrane potential, ranging from 10 −9 at zero potential to almost 1 at 40 mV. This raises intriguing possibilities regarding α-synuclein's role in disease.
In particular, α-synuclein has been shown to disrupt the function of complex I in the mitochondrial inner membrane. 47 The present work shows that a very small increase in the polarization of the outer membrane 48 could dramatically increase the flux of α-synuclein into the intermembrane space of mitochondria. Whether this mechanism has in vivo relevance remains to be seen.
Conclusions
In summary, we have shown that experimental observations of the dynamics of an α-synuclein molecule captured by the VDAC channel can be understood using free energy considerations that allow for the possibility of α-synuclein translocation as well as retraction. A simple Kramers-like description suffices for low transmembrane potentials in which the dynamics are dominated by the energy barriers associated with retraction and unbinding/translocation. For high transmembrane potentials, a drift-diffusion description is required to account for the experimental observations. The latter yields important insights into the detailed mechanism of the α-synuclein-VDAC interaction. It reproduces the charge of the α-synuclein CTT expected from the amino acid sequence, accounts for the asymmetry of the VDAC channel, yields the diffusion constant of a polypeptide inside the VDAC pore, provides an upper limit for the binding energy of the α-synuclein molecule to the membrane surface, and predicts an extreme sensitivity of the translocation probability to transmembrane potential. The multistep translocation of a-synuclein through the VDAC pore, and the accompanying changes in VDAC transport properties, are likely to be important mechanisms of mitochondrial regulation of the fluxes of both anionic and cationic signaling and metabolic ions. Our findings are also of particular relevance to the ongoing effort to decipher the physiological function of monomeric α-synuclein in the still unknown mechanisms of its involvement in Parkinson disease.
To the best of our knowledge, we have for the first time directly linked the amino acid sequence of a natural polypeptide chain to its voltage-driven interaction with a nanopore. We emphasize that the well-defined electrical heterogeneity inherent in the blocky architecture of the α-synuclein polymer is crucial for the precise evaluation of the mechanistic features of its interaction with the transmembrane channel. In particular, the presence of a junction between the charged and uncharged regions of the polymer provides unprecedented sensitivity to the details of the free energy landscape of the translocation process.
Methods

Single channel recording under a salt concentration gradient
Single VDAC channel recordings were obtained as previously described. 27 The side of the planar lipid bilayer to which VDAC was added during the reconstitution is the cis side; the opposite side is the trans side. Voltage polarities are defined to be positive when the cis side has the higher potential. To create the salt concentration gradient, the trans side was bathed with a 1 M KCl solution buffered with 5 mM HEPES at pH 7.4, while the cis side (to which α-synuclein was added) was bathed with a 0.2 M KCl solution under the same buffering conditions. Junction potentials with the Ag/AgCl electrodes were minimized by embedding the electrodes in 2 M KCl agarose salt bridges. Recombinant α-synuclein was a kind gift from Dr. Jennifer Lee.
Current level and selectivity determination
Current recordings at each voltage were collected with a 4 µs sampling interval and median filtered (order 81). The filtered current data were then collected into histograms using 160 bins ranging from −20 to 140 pA. Peaks in the histograms, which correspond to discrete conductance levels (Fig. 3a) , were selected manually and fit to a Gaussian function using a Fig. 4 Probability that a captured molecule will translocate, demonstrating the sensitivity of this parameter to the transmembrane potential.
Levenburg-Marquardt algorithm. The uncertainty in the peak position was estimated from the covariance matrix of the Gaussian parameters at their optimized values. Lines were fit to the I-V curves plotted in Fig. 3b , and the selectivity of each state was calculated from the voltage intercept of each line using the Goldman-Hodgkin-Katz equation. 49 
Optimizations
Unless otherwise specified, all optimizations were performed using the DREAM Markov Chain Monte Carlo (MCMC) algorithm 50 implemented in the software package Bumps. 51 The number of generations calculated was tuned to the complexity of the problem; for the optimization to the drift-diffusion model, the MCMC algorithm probed about 10 000 generations of 16 parameter sets. The characteristic relaxation time of this system was about 100 generations. Other optimizations were less complex and converged within about 3000 generations. Confidence intervals were calculated from parameter distributions determined by sampling the last 500 generations. Calculations were performed on the Darter Cray XC30 52 and the Bridges 52,53 high performance computing systems.
Event discrimination and analysis
Current recordings were divided into regions by applied voltage. The data were then filtered using an order 3 median filter (the sampling interval was 20 µs). To identify transitions between state 0 and state 1, a threshold crossing algorithm was then applied to the filtered data, with the threshold level set at 80% of the state 0 current level. The direction of the transition was determined from the slope of the data at the transition. Transitions from state 1 to state 2 were similarly detected using a threshold level of 27% of the state 0 current level. Histograms of the event durations were calculated from the transition times as shown in Fig. 1b . Average event times and their uncertainties were determined from bootstrap distributions obtained from random resampling of the experimentally observed event time distributions.
